Ultra-basic (pH 11-12) reducing (À656 to À585 mV) groundwater springs discharging from serpentinized peridotite of The Cedars, CA, were investigated for their geochemistry and geobiology. The spring waters investigated were of meteoric origin; however, geochemical modeling suggests that there were two sources of groundwater, a shallow source with sufficient contact with The Cedars' peridotite body to be altered geochemically by serpentinization, and a deeper groundwater source that not only flows through the peridotite body but was also in contact with the marine sediments of the Franciscan Subduction Complex (FSC) below the peridotite body. We propose that the groundwater discharging from lower elevations (GPS1 and CS1) reflect the geochemistry of the deeper groundwater in contact with FSC, while groundwaters discharging from springs at higher elevations (NS1 and BSC) were a mixture of the shallow peridotite-only groundwater and the deeper groundwater that has been in contact with the FSC. Cell densities of suspended microbes within these waters were extremely low. In the NS1 and BSC spring fluids, cell densities ranged from 10 2 to 10 3 cells/ml, while suspended cells at GPS were lower than 10 cells/mL. However, glass slides incubated in the BSC and GPS1 springs for 2-3 weeks were colonized by cells with densities ranging from 10 6 to 10 7 cells/cm 2 attached to their surfaces. All of the springs were very low (61 lM) in several essential elements and electron acceptors (e.g. nitrate/ammonium, sulfate, and phosphate) required for (microbial) growth, which is not uncommon at sites of continental serpentinization. Gases rich in N 2 , H 2 , and CH 4 were exsolving from the springs. The stable carbon isotope value (d 13 C CH4 = À68 ± 0.6&) and the CH 4 /C 2+ ( >10 3 ) of methane and other gaseous hydrocarbons exsolving from NS1 were typical of microbially sourced methane, whereas the isotope values and the CH 4 /C 2+ of BSC and CS1 springs were more enriched in 13 C and had CH 4 /C 2+ < 10 3 , suggesting a mixture of microbial and non-microbial methane. The concentrations of aromatic compounds, and ethane, propane, iso-and n-butane were well described by simple physical mixing between the aromatic-and alkane-poor, shallow groundwater and the relatively aromatic, and alkane-rich groundwater that flows through both the peridotite and the FSC suggesting that these aromatic and alkane compounds originated in the deeper FSC groundwater and are not produced in the shallow peridotite-only groundwater. The aromatic compounds most probably originated from the diagenesis/degradation of organic matter in the marine sediments below the peridotite body, while the gaseous alkanes may have multiple sources including thermal degradation of the organic matter in the marine sediments below the peridotite body and possibly by abiogenic reactions occurring within the peridotite body. This geochemical study demonstrates the complexity of The Cedars, and the possible sources of hydrocarbons at continental sites of serpentinization.
1. INTRODUCTION
The Cedars
The Cedars is part of Northern California's Coast Ranges and is a section of a peridotite body that was obducted as part of the Franciscan Subduction Complex (FSC) (Fig. 1) . Within this complex, rocks composed of marine sediments, sandstones and shales of the Late Cretaceous cradle the peridotite body (Coleman, 2000) . The ultramafic rock chemistry has been well characterized since it was selected several decades ago as the international peridotite standard PCC-1 (Flanagan, 1969; Joron and Ottonello, 1985; Takazawa et al., 2000) . The Cedars' peridotite consists primarily of three minerals, olivine, orthopyroxene, and clinopyroxene in varying proportions such that The Cedars consists of a harzburgite (75% olivine + 25% orthopyroxene/clinopyroxene) and dunite (100% olivine) (Coleman, 2000) . Chromite (usually less than 0.5%) is present as an accessory mineral throughout the body (Oze et al., 2004) . The peridotite is partially altered to serpentine minerals (5-20%) in the central part of the body to 100% along its contact with the surrounding rock (Coleman, 2004) .
The Cedars is of special interest not only due to the highly alkaline springs, which may harbor specialized microbial life, but also because it represents a harsh environment for most plant life. In spite of high concentrations of some heavy metals and low nutrients, the ultramafic rocks and serpentine soils are home to many plant species that are specific to this type of serpentine environment. Given its geological setting, unique vegetation (Raiche, 2009) and accessibility of the springs. The Cedars is ideal for extensive geochemical and geobiological research of present-day serpentinization. This paper makes a contribution to such further studies.
Serpentinization
Serpentinization, the hydration of ultramafic minerals (Eqs. (1) and (2)) can be generally described as: where by pyroxene represents both ortho-and clinopyroxene. According to recent thermodynamic calculations of Sleep et al. (2011) once serpentine and brucite are present the detailed reactions in peridotite can best be described as follows: 
in which serpentine (greenalite-chrysotile), iron(II)hydroxide, and brucite are solid minerals. Eq. (4) is dependent on the iron(II)hydroxide produced in Eq. (3), and the rate of the combined reaction decreases as the two reactions proceed. In Eq. (4) H 2 gas is produced. The presence of H 2 gas, Fe catalyst(s), and elevated temperatures associated with serpentinization create conditions favorable for the reduction of carbon to methane and possibly other hydrocarbons (Sleep et al., 2004) . Frost and Beard (2007) demonstrated through geochemical modeling that in high Mg serpentine environments lacking substantial amounts of Al (e.g. zoisite, grossular) or ferric iron (andradite), Ca-silicates are unstable (data shown for 50-300°C), and reactions such as Eq. (5) will proceed to the right with more Ca 2+ produced at lower temperatures. 
The instability of Ca-silicates leads to an increase the Ca 2+ in the fluid along with an increase in pH. Therefore, low-temperature fluids (groundwater) discharging from serpentinite-hosted rocks have characteristically high pH and are rich in Ca 2+ .
Potential for microbial, thermogenic, and abiogenic hydrocarbons.
Sites of present-day continental serpentinization may be sources of abiogenic hydrocarbons. Experimental hydrothermal reactions at conditions characteristic of serpentinization have shown that hydrogen gas can react with inorganic carbon to abiogenically produce methane, and even higher molecular weight gaseous alkanes possibly by Fischer-Tropsch type (FTT) synthesis reactions (Berndt et al., 1996; Foustoukos and Seyfried, 2004; Fu et al., 2007; Horita and Berndt, 1999; Seewald, 2001, 2006; McCollom et al., 2010; Taran et al., 2007) . Putative abiogenic hydrocarbons have been detected in the continental ultra-mafic rock-hosted environments of Zambales ophiolite, Philippines (Abrajano et al., 1990) ; Semail ophiolite, Oman (Neal and Stanger, 1983; Fritz et al., 1992) ; Tekirova ophiolites, Turkey (Hosgormez, 2007) ; and Socorro Island, Mexico (Taran et al., 2010b) as well as the Precambrian Shield in Canada and the Witwatersrand Basin of South Africa (Sherwood Lollar et al., 2002 , and in the sub-surface marine ultra-mafic rock-hosted environment of the Lost City Vent Field (Proskurowski et al., 2008) . Therefore, the hydrocarbons at The Cedars, a site of present-day continental serpentinization, may also have an abiogenic component.
Alternatively, environmental conditions within the vicinity of active serpentinization may become suitable for the growth of hydrogen utilizing, methane-producing microbes, or hydrogen-utilizing homo-acetogens (Kelley et al., 2005; Brazelton et al., 2006; Schulte et al., 2006) . Microbially produced methane has also been detected in the Precambrian Shield (Sherwood Lollar et al., 1993; Ward et al., 2004) Proskurowski et al., 2008; Bradley and Summons, 2010) . Therefore, sites of active serpentinization can be the source of either abiogenic or microbial methane, or both.
Unrelated to serpentinization, some of the hydrocarbons at The Cedars may be thermogenic in origin. The Cedars peridotite was emplaced on top of Late Cretaceous marine sediments, sandstones and shales of the Franciscan Subduction Complex (FSC). Studies of organic matter in the FSC in Northern California Coastal and Central Belts found total organic carbon (TOC) concentrations as great as 2% and gas prone type III kerogens (Larue, 1986 (Larue, , 1991 Underwood, 1987) . While these studies did not extend as far south as The Cedars, they do indicate that organic bearing sediments may be present in rocks adjacent to and beneath The Cedars' peridotite body (Fig. 1B) . The organic matter associated with these sediments could be thermally degraded and thus contributing thermogenic hydrocarbons to the ultra-basic springs through the highly fractured serpentinites of The Cedars. Therefore, microbial, abiogenic, and thermogenic sources must be considered when sourcing hydrocarbons in the ultra-basic reducing springs of The Cedars.
Previous to this study, two geochemically distinct spring waters were identified by Barnes et al. (1967) : (1) ultra-basic Ca-OH type fluids discharging from the serpentinizing aquifers, and (2) moderately basic Mg-HCO 3 type fluids that were formed from the weathering of serpentinites (previously serpentinized ultramafic rocks). The exact history of the water, its residence time through the aquifers as well as its flow path through the subsurface are unknown. Here, we report a groundwater mixing model of the ultra-basic groundwater to describe the different geochemical and biological processes contributing to the observed chemical composition of the high pH springs and the emerging gases at The Cedars. Exposed terrestrial peridotite is rare; however, it is a significant component of the Earth's subsurface and other planetary bodies such as Mars and Europa.
Therefore understanding the microbial metabolisms and geochemical cycling in ultra-basic springs may also provide insight into similar biogeochemical processes that occur in Earth's deep subsurface and perhaps also on other planetary bodies such as Mars and Europa.
METHODS

Site description
The
Cedars is located at N38°37 0 14.84 00 W123°08 0 02.13 00 , near the Russian River in Northern California (Fig. 1) . The bulk of the exposed peridotite at The Cedars is approximately 3.5 km wide, 6.4 km long and it extends $1-2 km below the surface (Coleman, 2000) . Approximately 15-20 km below the peridotite slab is the subduction zone over which the ocean sediments of The Cedars was obducted onto the continent before or during the middle of the Jurassic (Coleman, 2000) . Barnes et al. (1967) explained that the serpentinization caused an increase in rock volume, which extruded the serpentine and resulted in topographical highs of highly fractured and sheared rock that were easily eroded creating canyons with talus slopes. The Cedars ultra-basic springs discharge primarily along creek beds within the peridotite. The majority of the springs occur near the headwaters of Austin Creek (also called Big Austin Creek), which drains into the Russian River (to the south), or within Grasshopper Creek, which drains northward into the Gualala River. The ultra-basic reducing springs can occur in clusters with greater than 15 point sources of ultra-basic water. They are associated with extensive calcium carbonate precipitates directly around the springs.
Sampling locations
The ultra-basic springs sampled were located in the headwaters of Austin Creek (Fig. 1, Supplemental Fig. 1 ). (Fig. 2) . There are many ultra-basic spring discharge points in very close proximity to each other in the BSC. Each discharge point has been numbered (i.e. BS#) by the site owners, and data from BS1, BS5, and BS7 are reported in this study. The non ultra-basic water samples were collected slightly upstream of the BSC site from the creek that flows through the BSC site. The Grotto Pool Spring (GPS1) is located along Austin Creek, 100 m below the junction of the 2 above mentioned canyons (273 m, N38°37 0 16.3 00 W123°08 0 1.1 00 ) (Fig. 2) , and Camp Spring (CS1) is $30 m downstream of GPS along the creek bed (269 m, N38°38 0 35 0 46.1 00 W123°07 0 21.4 00 ) (Fig. 2) . Similar to NS1, GSP1 discharges above the surface of the water around it (Supplemental Fig. 1 , and Cl À ) and nutrients (nitrate, sulfate, phosphate and ammonium). In September 2011 the general water physical and chemical parameters (pH, temperature, conductivity, and E h ) were measured in situ. The springs and creek fluids were sampled for trace elements, nutrients, total inorganic carbon (TIC), dissolved organic carbon (DOC), and suspended cell densities (see Supplemental Table 1 for sample type and sampling frequencies).
Fluid samples were collected from NS1 and GPS1 by inserting a PEEK (polyether-ether-ketone, which was selected based on its relative impermeability to oxygen) thick-walled tubing into the source where spring water was emerging ( Supplemental Fig. 1B) . The fluids were collected by siphoning or pumping with a Watson Marlow pump with tygon tubing. Conversely, fluids from the BSC ultra-basic pools were sampled with syringes as close to the groundwater discharge source as possible (Supplemental Fig. 1C ). The aqueous samples were filtered and stored without headspace in acid-cleaned glass bottles with Teflon caps. Samples for analysis of cations were acidified with HCl to pH < 2. Samples for cation analysis were collected in 2009 and 2010. Samples for ion analysis for trace elements analysis were collected in 125 Trace-Clean bottles and acidified to pH < 2 using ultrapure 70% nitric acid. Samples for TIC and DOC were collected in pre-combusted 40 ml amber vials spiked with mercuric chloride (HgCl 2 ) and phosphoric acid (H 3 PO 4 ), respectively. Samples for DOC were filtered through a 0.7 lm pre-combusted glass microfiber filter. Samples for TIC and DOC were stored cool and dark.
Gases exsolving from the springs were collected by placing an inverted 1 L Nalgene beaker (fitted with a syringe adapter) over the bubbling spring (Supplemental Fig. 1D ). This container was prefilled with spring water. The exsolving gas displaced the spring water in the beaker. Gases collected in the inverted beaker were then transferred directly into pre-evacuated serum vials using a syringe with a 22-g syringe needle after the method of Ward et al. (2004) . Borosilicate glass gas sampling vials were sealed with butyl blue rubber stoppers that had been pretreated by boiling them in 0.1 M NaOH for an hour after the method of Oremland et al. (1987) . Vials were prefixed with a few drops of saturated solution of copper sulfate, a microbial inhibitor (Winslow et al., 2001) , and kept refrigerated in the dark until analysis. No exsolving gases were observed in the tubing at the time of aqueous sampling; therefore, GPS1 was not sampled for exsolving gases, however bubbles have been observed at other times when gas sampling equipment was not available. Conversely only exsolving gases were collected from the CS1 spring. CS1 is located on the bottom of the Austin Creek bed. Exsolving gases were collected by placing an inverted gas sampling bucket over the gas discharge point. However, the aqueous geochemistry of the CS1 spring could not be sampled because the CS1 discharge point was at the bottom of the creek and was indistinguishable from the creek water.
Fluid samples (150 ml) were collected from The Cedars springs and the tributary of Austin Creek for the purpose of determining bacterial cell counts. The samples were immediately fixed with glutaraldehyde to a final concentration of 1.25% and stored on ice. Cells were counted within 48 h of sampling. Fifty milliliters of fix creek water and 100 ml of fixed spring water were mixed vigorously and filtered onto 0.22 lm pore-size black polycarbonate membrane filters (25 mm diameter) (Millipore). Nucleic acid in the cells collected onto the filter were stained with SYBR Green I (10,000Â in DMSO, Invitrogen). The final dilution of the SYBR green I was 10-4 of the stocks provided by manufacture. After 5 min the SYBR Green I was rinsed off of the filter using phosphate buffer solution. Cells on the filter were counted under the Zeiss Axio microscope with fluorescence capabilities. The average number of cells and the standard deviation were calculated from at least 10 random fields-of-view.
To determine the potential for surface colonization in the ultra-basic springs, glass slides were incubated for 2-3 weeks in situ in BS5 spring water and in a flow-through chamber that was installed in situ at the GPS1 discharge outlet. For GPS1 fluid from the spring was directly led through the inserted PEEK tubing to a Teflon sealed, and well insulated, anaerobic cylinder designed by Pedersen et al. (2004) in which the glass slides had been mounted. The E h , temperature and pH of the effluent of the cylinders was identical to the influent values at the beginning and the end of the incubation period, ensuring that the conditions within the cylinder had been similar to the conditions within the source. Conversely, the water in the BS5 spring could not directly be collected from the source since it was located at the bottom of an ultra-basic pool; therefore, slides were mounted in an open stainless steel mesh holder and incubated 10 cm from the bottom of the pool above the ultrabasic groundwater discharge point. Once removed from the spring water, the slides were stained with SYBR Green I, and the cells counted. A control experiment was done at the NS1 spring, where the fluid from the spring was first siphoned and subsequently filtered through a Whatman Maxicapsule filter (0.2 lm) to remove suspended cells and then transported to the cylinder fitted with sterile glass slides. In this case the slides did not show any attached bacterial cells after incubation for over 3 weeks in situ.
Analytical methods
Phosphate concentrations were determined using a Metrohm 850 Professional Ion Chromatograph (IC), using a Metrosep A Supp 5, 150 Â 4 mm column held at 30°C, a 3.2 mM Na 2 CO 3 , 1.0 mM NaHCO 3 mobile phase flowing at 0.7 ml/min, a suppressor unit with 50 mM H 2 SO 4 eluents flowing at 0.5 ml/min, and a conductivity detector (CD) held at 40°C. The detection limit for phosphate was approximately 1-2 lM. Sulfate and nitrate concentrations were analyzed by ion chromatography with self-regenerating suppression and conductivity detection, using a Dionex DX-100 IC, and an IONPAC AS4A-SC column, 4 Â 250 mm.
The concentrations of the cations Na + , K + , Ca 2+ , Mg 2+ , and NH + 4 were determined using a Metrohm 850 Professional Ion Chromatograph (IC), using a Metrosep C4 150 Â 4 mm column held at ambient temperature, a 3.75 mM oxalic acid mobile phase flowing at 1.0 ml/min, and a conductivity detector (CD) held at 40°C. IC detection limits for these cations were approximately 1-2 lM.
Trace-ion geochemistry was measured quantitatively on an inductively coupled plasma mass spectrometer (ELAN DRCII ICP-MS). At the time of sampling, water was filtered using a mixed esters of cellulose (MCE) 0.45 lm filter. Reference standards were used to ensure accuracy. Analytical error was ±10%. Sulfide was measured with the methylene blue method (Trueper and Schlegel, 1964) . The detection limit was 0.5 lM.
Redox potential, conductivity, oxygen, temperature and pH were measured with a calibrated field meter (Thermo Scientific, Orion 5-Star pH/ORP/Cond/DO Meter). The readings at the lowest potentials recorded varied at least ± 10%. Redox readings were corrected for the standard Ag/AgCl-electrode (À230 mV).
The concentrations of H 2 , N 2 , CH 4 , and CO 2 were measured using a Shimadzu GC 8A gas chromatograph equipped with a thermal conductivity detector (GC/TCD) and a 60/80 Carboxen -1000 (0.46 m Â 2.1 mm ID) column. Argon was used as carrier gas at a flow rate of 20 ml/min with an oven temperature of 120°C. To determine the concentrations of O 2 , N 2 was used as the carrier gas under the same GC conditions. All analyses were run in duplicate or triplicate with the mean values are reported.
The concentrations of CH 4 , ethane (C 2 H 6 ), propane (C 3 H 8 ), butane (C 4 H 10 ), pentane (C 5 H 12 ), and hexane (C 6 H 14 ) were measured using a Varian 3400 gas chromatograph (GC) equipped with a flame ionization detector (FID). The hydrocarbons were separated on a GS-Q column (30 m Â 0.32 mm ID) with helium as carrier gas and the following temperature program: 40°C hold for 2 min, increase to 220°C at 10°C/min hold for 10 min. The detection limits were in the range of 0.01%.
Dissolved volatile hydrocarbons were analyzed by purge-and-trap gas chromatography-mass spectrometry. The analytical system consisted of an OI Analytical Eclipse 4660 purge and trap sample concentrator and 4551 Autosampler, Agilent 6890 gas chromatograph and Agilent 5973 quadrupole mass spectrometer. The purge and trap sample concentrator was equipped with a 5 ml sparge vial with sample loop volume installed in the autosampler. The sample was split 1:30 in an Agilent split/splitless injector (to minimize peak broadening) with a 1 mm deactivated inlet liner. Analytes were separated on an Agilent DB-624 column (30 m Â 0.25 mm ID, helium carrier gas) operated in constant flow mode at 1 ml/min. Initial oven temperature was 35°C for 1 min, ramped to 150°C at 4°C/min, then ramped at 25°C/min to 200°C. The mass spectrometer was operated in full scan mode from 50 to 500 amu. 5 ml aliquots of filtered spring water were analyzed in duplicate or triplicate. Distilled water blanks were analyzed every 5-8 injections, and typically contained only methanol and acetone at quantifiable levels. Analytes were identified by comparison of mass spectra to the NIST database. Concentrations were estimated by comparison of total ion chromatograph peak areas to 4-point calibration curves generated for methylcyclohexane, n-heptane, toluene, and decahydronaphthalene standards. Analytes were compared to the standard with the most similar chemical structure, e.g. all alkylcyclohexanes were calibrated relative to methylcyclohexane, acyclic alkanes relative to n-heptane, etc.
The d 13 C values of the gaseous methane were measured by removing 20 to 1000 ll of gas from the sample vial using a Pressure Loc gas tight syringe (Vici Precision Inc.) and injecting the gas sample into a gas chromatograph-combustion-isotope ratio mass spectrometer (GC/C/IRMS) with a Finnigan-MAT Delta plus XL mass spectrometer interfaced with a Varian 3400 capillary GC. Methane was separated from other primary gases using a Molecular Sieve column (25 m Â 0.32 mm ID) at 30°C isothermal. The total analytical error for d 13 C values measured by this method was ±0.5&. This error incorporated both the internal reproducibility of duplicate measurements and the accuracy of the measurement . The d
18 O and dD of spring water were analyzed using a Thermo Finnigan thermal conversion elemental analyzer (TC/EA) coupled to the Thermo Finnigan MAT Delta plus XL mass spectrometer. The water samples and standards (1 ll injections) were converted to H 2 and CO in the pyrolysis reactor held at 1450°C. Calibrations were performed with the Vienna Standard Mean Ocean Water (VSMOW), Standard Light Antarctic Precipitation (SLAP), Greenland Ice Sheet Precipitation (GISP), and internal laboratory standards with known isotopic values. The errors associated with No aqueous geochemical data for the CS1 spring could be collected because CS1 is located on the bottom of Austin Creek and therefore the spring water could not be isolated. Data shown for this study as well as Cabeco de Vide (Tiago et al., 2004) , Marqin, Jordan (Pedersen et al., 2004) , Oman (Barnes et al., 1978) , New Caledonia (Barnes et al., 1978) , and the Tablelands (Szponar et al., in press) . Representative springs are shown for Marqin, Jordan and New Caledonia. The "-" indicates that the parameter was not measured and "<dl" indicates that the analyte was below detection limits of the analytical method used. 18 O and dD were ±0.7& and ±5&, respectively. All isotope ratios are reported in delta notation (d 13 C, dD, d
18 O) and are calculated relative to international standards VPDB for carbon and VSMOW for hydrogen and oxygen. TIC and DOC concentrations and d 13 C values were determined using an OI Analytical Aurora 1030 TOC Analyzer equipped with a reduction furnace, water trap, and packed GC column; coupled to a Thermo Electron Delta VPlus Isotope Ratio Mass Spectrometer (IRMS) system via a Conflo III interface or a Finnigan MAT 252 IRMS. The Aurora uses a wet chemical oxidation process to extract carbon as CO 2 gas using phosphoric acid for total inorganic carbon (TIC) and Na-persulfate for total dissolved organic carbon (DOC). Accuracy and reproducibility for concentration was ±1.5% RSD and ±0.5& for d 13 C. d 13 C values are reported in delta notation relative to the PDB reference standard.
RESULTS
Geochemistry
Major element chemistry
Spring-specific geochemistry remained relatively constant from year to year. The pH, temperature, E h , and conductivity of each spring varied little from 2005 to 2011 (Table 1) . Major ions such as Na + , K + , Ca
2+
, and Cl À also varied little over the years that they were measured (Table 1). The gases (N 2 , H 2 , CH 4 ) and d 13 C CH4 were also stable in the years that they were measured (Table 2) . These geochemical data indicate that the emerging spring waters, though variable between springs, are perennially consistent with respect to pH, E h , temperature, conductivity, gas composition, and d 13 C of methane. The chemistry of the spring water is extreme for life in several important parameters and comparable to other ultra-basic springs discharging from partially serpentinized ultramafic rocks (Table 1) . All springs at The Cedars had pH values P11.5. The two springs (GPS1 and NS1) that directly discharged above the water line had the most negative E h values from À656 to À630 mV, while the spring discharging at the bottom of pool BS5 was only slightly less negative (À585 mV). Gases exsolving from the ultra-basic springs were primarily composed of N 2 , H 2 , and CH 4 (Table 2). Carbon dioxide and O 2 in the exsolved gas mixture were below the detection limits, which is typical for spring water that is ultra-basic and reduced. Gases exsolving from NS1 were composed of N 2 (63.1% by vol.), H 2 (15.7% by vol.) and CH 4 (15.8% by vol.). The CS1 spring and the BSC springs were also dominated by N 2 (36.6% by vol. in CS1 and 53.6% by vol. in BS5); however, they contain significantly more H 2 (50.9% by vol. in CS1 and 34.0% by vol. in BS5), and less CH 4 (7.4% by vol. in CS1 and 6.1% in BS5) compared to NS1. Table 1 lists the physical and chemical data for the ultrabasic springs and the moderately basic creek. As expected for a typical peridotite environment, The Cedars' dissolved cation content consisted primarily of Ca 2+ and Na + , while the anion content consisted primarily of Cl À and OH À . The high Ca 2+ /Mg 2+ ion ratio of the spring water is typical of groundwater discharging from sites of present-day serpentinization. Ammonium and phosphate were below the detection limits (less than1-2 lM) in all of the springs (Table 1) . Inorganic carbon was detected at lM levels in all of the Table 2 Composition of gases exsolving from the ultra-basic springs at The Cedars, the carbon isotope values of methane, concentrations of volatile organic compounds, and the fraction of the deep FSC groundwaters (f deep ) in NS1 and BSC springs. The values reported for The Cedars springs are the average values over multiple sampling periods (±1a). The <dl indicates that the gas concentration was less than detection limit, and "-" indicates that the gas was not sampled/analyzed. There is no gas data for the GPS site, because there were no gases exsolving from that spring at the time of sampling. However, all gases data from CS1, immediately below GPS, were assumed to be a good representation of the gases from the deep FSC groundwater of GPS1. The r 2 is the correlation coefficient of the regression analysis of the concentration or isotopic value, and the fraction of the deep FSC groundwater contribution to the spring (f deep ) Eq. (8), and indicates how well the concentrations are described by the 2-component mixing model. The r 2 for C 3 assumes a zero concentration for C 3 in NS1.
springs (Table 1) . Nitrate concentrations in the moderately basic creek had sub lM concentrations, and were below detection in the ultra-basic springs. Sulfate was detected at the 5 lM level in the creek and 1 lM to sub lM concentrations in the ultra-basic springs. A trace of sulfide (1 lM) was present in GPS1, but was not detected in the other springs. Dissolved organic carbon (DOC) concentrations ranged from the 10s to 100s of lM C in the ultra-basic springs. Heavy metals such as Cr, Pb, and Hg are present in the springs but at concentrations (from not detectable to 10 À3 lM) (Table 3) unlikely to be toxic to the microorganisms in the ultra-basic springs. Trace elements are generally far below lM level or less than the detection limits (Table 3 ).
To determine if the H 2 gas was in chemical equilibrium with the spring water a theoretical E h value was calculated based on the equilibrium E h (E 0 h ) and pH relationship, pH measurements of the springs and H 2 gas measured (Eq. (6)). (Table 1) to determine if the H 2 gas was in equilibration with the spring water. Based on these calculations the H 2 gas in NS1 and GPS1 were very close (<4%) to equilibrium. BS5 was somewhat further from equilibrium (<12%); however, BS5 was a pool that is exposed to air and experiences mixing with more oxic water.
Hydrocarbons
The higher molecular weight hydrocarbon gases (ethane, propane, n-butane, n-pentane, and n-hexane) were 4-5 orders of magnitude less than the CH 4 ( Table 2 ). The NS1 CH 4 /C 2+ ratio of 5400 was an order of magnitude greater compared to the CH 4 /C 2+ ratio of the other springs. The CH 4 /C 2+ ratio continued to decrease as the sampling location decreased in elevation. For example, the CH 4 /C 2+ ratio of the BS7 spring was 430, while the CH 4 /C 2+ ratio of CS1 was 110. Volatile organic compounds (VOCs) including alkanes, cycloalkanes, and aromatics were also detected in the spring water (Table 4 ). The VOCs make up between 10% and 20% of the DOC. Only short volatile alkanes (i.e. 3-methylpentane, 3-methylhexane, and heptane) were detected. Cyclohexane, methylcyclohexane, and 1,3-dimethylcylcohexane, were the dominating cycloalkanes in the VOC mixture. While the aromatics, benzene, toluene, ethylbenzene, and xylene (BTEX) were present in each of the springs (with the exception of benzene in NS1), toluene and xylene dominated the aromatic component of the VOCs. Water from CS1 spring was submerged below the level of the creek water preventing its sampling for ions. The r 2 is the correlation coefficient of the regression analysis of the ion concentration, and the fraction of the deep FSC groundwater (f deep ) Eq. (8), which indicates how well the concentrations are described by the 2-component mixing model. The <dl indicates that the ion concentration was less than detection limit, and "-" indicates that the ion was not sampled/analyzed.
d 13 C, dD, and d 18 O isotopic values The d
13 C of CH 4 exsolving from the ultra-basic springs was very depleted in 13 C compared to DOC and TIC (Table 2); CH 4 from NS1was À68.0 ± 0.6&, CH 4 from the BS1 was À62.9 ± 0.5&, CH 4 from the BS5 was À63.5&, CH 4 from the BS7 was À64.0 ± 0.8&, and the CH 4 from CS1 was À57.7 ± 0.4&. The d 13 C of the TIC was À32.6& in the BSC springs, more negative than the TIC (À14.5&) measured in the creek suggesting that isotopically light methane is most likely being oxidized in this spring. The amounts of TIC in GPS1 and NS1 were below the limit of quantification for d 13 C TIC measurements. The d 13 C of the DOC ranged from À21.9& in NS1 to À13.8& in GPS1. The amount of DOC in the BSC springs and the creek were below the limit of quantification for d 13 C DOC measurements.
Hydrogen and oxygen isotope values of the spring waters were measured for the ultra-basic springs and the creek water (Fig. 3) 
Microorganisms
Planktonic and suspended bacteria were not detected under a Zeiss Axio microscope with fluorescence capabilities because of their low concentrations. After filtering spring water and staining the filter with SYBR Green I, microbial cells could be visualized and counted (Table 1 ). In the GPS1 spring no cells were detected in the 50 random areas counted. Only 2 cells were counted upon further examination of other areas. Therefore the cell counts in GPS1 were below 10 cells/ml. The cell counts in the NS1 and BS5 springs were orders of magnitudes higher in comparison to GPS1. In NS1 there were 531 ± 376 cells/ml counted, and in BS5 spring 3187 ± 1126 cells/ml were counted. Austin Creek had 1.9 Â 10 4 ± 4.2 Â 10 3 cells/ml. Cells were also detected on the glass slides that were incubated for 2-3 weeks in spring water from GPS1 and BS1. Slides from GPS1 and BS1 had 10 6 -10 7 cells/cm 2 attached to their surfaces. Microbial colony and biofilm formations were rarely observed, indicating that the slides may have acted primarily as a surface for attachment of suspended cells rather than a substrate for in situ growth.
DISCUSSION
Conceptual model of spring geochemistry
The geochemical and isotopic data of the ultra-basic reducing springs in The Cedars suggest complex interactions of local and distant physical, chemical, and biological processes. We developed a conceptual representation that demonstrates the subsurface complexity of The Cedars springs (Fig. 4) supported by our data and discussed in detail below. Given the initial assessment of the geochemistry, it is very likely that the composition of the fluids emerging from the springs at The Cedars is affected by (at least) a five-part history:
(1) During the spring rainy season, rainwater percolates into the serpentinite carrying a meteoric signature (Section 4.2.1), as well as dissolved gases (e.g. O 2 , CO 2 , N 2 ), metals, and organics, recharging the groundwater. During the summer dry season, shallow groundwater feeds the creeks in The Cedars (Section 4.2.2). (2) The shallow groundwater that remains in the subsurface flows through fractures of the serpentinite and into the peridotite resulting in oxic reactions and the conversion of peridotite to serpentinite. Dissolved oxygen is consumed (a)biotically via abundant dissolved H 2 or available organic matter to achieve an E h of about À560 mV. The <dl indicates that the VOC concentration was less than detection limit, and " * " indicates that the value reported is the sum of the isomers quantified. There is no data for the CS1 site, because CS1 is located on the bottom of Austin Creek and therefore the spring water could not be isolated from the creek water.
serpentinization. The deeper FSC groundwater, dominated by non-microbial methane, discharges in lower elevational springs, such as GPS1 and possibly CS1 . (5) Within the peridotite the deep groundwater mixes with the shallow groundwater and discharges at NS1 and BSC springs.
Geochemistry of the ultra-basic springs
Meteoric groundwater
The dD and d 18 O values of the ultra-basic spring water (Fig. 3) plot close to the Californian Local Meteoric Water Line (LMWL) determined by Kendall and Coplen (2001) , indicating that the ultra-basic spring water was meteoric in origin (i.e. the water has been in recent contact with the atmosphere as precipitation) even though its chemical composition has drastically changed. Furthermore, the spring water was not connate water or magmatic water associated with the subduction zone $12 km below The Cedars. The fluids in the BSC pools were slightly more enriched in D and 18 O compared the creek water and the ultra-basic waters sampled from the direct points of discharge (NS1 and GPS1). The slight enrichment in the heavy isotopes in the BSC waters was most likely due to evaporation of water from the small ultra-basic pools of these springs. Wenner (1971) (Fig. 3) . This lack of observable exchange could be due to a large water-rock ratio (W/R) and/or low temperatures in the system. In a simple closed system the water to rock ratio can be calculated using Eq. (7),
where superscript f and i are the isotope values of the serpentine before and after equilibrium isotopic exchange with water. (Abrajano et al., 1990) , and the Tablelands, Canada (Szponar et al., in press). The water/rock ratio is small enough that the changes in pH, E h , and major elemental chemistry due to serpentization are observable in the ultra-basic springs, suggesting that the lack of 18 O exchange is due, at least in part, to the lower temperatures of these systems and not solely on large water/rock ratios. (1978) Predicted (Wenner, 1970) Fig. 3. Hydrogen and oxygen isotope of values spring water sampled from NS1, BSC, and GPS1 (this study), as well as spring data from Barnes and O'Neil (1978) compared to the Californian Local Meteoric Water Line (LMWL) (Kendall and Coplen, 2001 ) and the nearby Russian River (LAT 38°30 0 31 00 , LONG 122°55 0 36 00 ) (Coplen and Kendall, 2000) . The datum point for BSC is the average dD and d 
Inorganic geochemistry
The major elemental aqueous chemistry (Na
The Cedars was within the same range as those reported for other sites of continental serpentinization at Cabeco, Jordan, Oman, New Caledonia, Canada, and Kulasi (Table 1) . The major elemental aqueous chemistry of the ultra-basic spring, GSP1, was most similar to that of Oman with high values of Na + , K + , and Cl À . All of the continental sites of serpentinization were characteristically high in Ca 2+ , most probably due to the destabilization of Ca-bearing pyroxenes following Eq. (5). All of The Cedar's ultra-basic springs were over saturated with respect to calcite and aragonite at the measured Ca 2+ and carbonate levels (X > 1, Table 1 ). The Ca 2+ concentrations were at least an order of magnitude greater than the amount of Ca 2+ required to be in equilibrium with carbonate ions in the ultra-basic springs at The Cedars.
Aqueous concentrations of conservative tracers Cl
À and Br À in fluid sample were positively correlated (r 2 = 1) with each other, suggesting that there was conservative mixing between two end-member waters with the highest and lowest Cl À and Br À concentrations. Fluids collected from the creek had the lowest concentrations of dissolved Cl À and Br À . Creek fluids also had the lowest pH and conductivity, and the highest E h values compared to all of the springs. Since there was little to no precipitation during the summer months at The Cedars (e.g. 0-0.5 cm per summer season from (NOAA, 2006 , 2007 ), we suggest that during the sampling periods the geochemistry of the creek water approximates the shallow serpentinite groundwater before it flows into the peridotite, and not local precipitation. Conversely, GPS1 fluids had the highest concentrations of dissolved Cl À and Br À . GPS1 fluids also had the highest pH and conductivity, and the lowest E h values compared to all of the other springs and creek water (1) During the spring rainy season, rainwater percolates into the peridotite carrying a meteoric signature, as well as dissolved gases (e.g. O 2 , CO 2 , N 2 ), metals, and organics, recharging the groundwater. During the summer dry season, shallow groundwater feed the creeks in The Cedars. (2) The shallow groundwater that remains in the subsurface flows through fractures of the serpentinite and into the peridotite resulting in oxic reactions and the conversion of peridotite to serpentinite. Dissolved oxygen is consumed (a)biotically via abundant dissolved H 2 or available organic matter to achieve an E h of about À560 mV. It is highly likely that heterotrophic microbial methanogenesis may also occur. Serpentinization reactions lower the Mg 2+ and increase the pH, Ca 2+ , and H 2 concentrations. (3) Concurrently, beneath The Cedars' peridotite, hydrocarbons (alkanes and aromatics), as well as Cl À and Br À from the FSC shales and sedimentary organic matter dissolve into the deep groundwater fluid. (4) The deep groundwater flows towards the surface through fractures in the peridotite, due to high hydrostatic pressures, and reacts with the peridotite increasing the pH and Ca
2+
, and decreasing the E h and Mg 2+ of the fluid. Abiogenic methane and alkanes may be produced in these zones of serpentinization. The deeper FSC groundwater, dominated by non-microbial methane, discharges in lower elevational springs, such as GPS1 and possibly CS1. (5) Within the peridotite the deep groundwater mixes with the shallow groundwater and discharges at NS1 and BSC springs.
sampled; therefore, we suggest that the fluids from GPS1 primarily represent the deep more saline ultra-basic reduced groundwater.
The fraction of deep groundwater (f deep ) in each spring can be calculated using a 2-component mixing model (Eq. (8)):
shallow are the concentrations of chloride ions in the spring of interest (NS1, or any of the BSC springs), the deep groundwater end member, and the shallow groundwater end member, respectively. Sampling the actual deep and shallow groundwater end members would require drilling and a detailed knowledge of hydrogeology of the area. However, the geochemistry suggests that the creek and GPS spring fluids were the best proxies attainable to represent the shallow and deep groundwaters, respectively. Therefore for the purpose of indicating relative mixing between the two end members, the concentration Cl À of the creek fluid was used for the Cl À concentration of the shallow groundwater while the concentration Cl À of the GPS1 fluid was used for the Cl À concentration of the deep groundwater. A regression analysis of the conservative tracer Br À and calculated f deep , with a correlation coefficient (r 2 ) of 1.00 (Table 3) demonstrated that Br À concentrations were well described by the two component mixing model (Eq. (7)), and that this model could be used to predict the spring water concentrations of elements and compounds due solely to physical mixing between the two water sources. Concentrations of elements and compounds that were not well described by this model indicated that one or more processes, in addition to physical mixing, were occurring that affected the element's or compound's concentrations. Table 3 reports the r 2 for the regression analysis of other ions and the f deep . Ions that form strong acids and bases including Cl À , Br
À , Li + , Na + , K + , and Rb + , all had r 2 P 0.98 indicating that the changes in the concentrations of these ions were simply due to physical mixing between the two water sources. These spectator ions form strong bases and therefore, they do not participate in acid-base equilibrium reactions. Other acid-base reaction spectator ions Ca
, Sr 2+ , and Ba 2+ all had a poor r 2 values, indicating that processes other than physical mixing and acid-base equilibrium reactions occurred. The measured Ca 2+ concentrations in the BSC and NS1 springs were greater than those predicted by simple mixing of the two end members (shallow and deep groundwaters) (Fig. 5A ). This excess cannot be due to the dissolution of calcium carbonate or calcium hydroxide as the water were already supersaturated (X > 1, Table 1 ) in Ca 2+ with respect to calcite, aragonite, and Ca(OH) 2 . One possible source of the excess Ca 2+ in the high Mg environments of serpentines was unstable Ca-silicates (Eq. (5)) suggesting that rainwater percolates into the peridotite and flows through the fractures undergoing serpentinization. The groundwater reacts with pyroxene minerals, such as diopside, producing serpentine minerals and Ca 2+ . Similar to Ca 2+ , the OH À and Mg 2+ also had poor r 2 values for the regression analysis of these ions and the f deep indicating that processes other than physical mixing were occurring along the groundwater flow path that affect these ions. The high OH À concentrations and low Mg 2+ concentrations in BSC and NS1 springs ( Fig. 5B and C) were most probably the result of serpentinization. Serpentinization alters the chemistry of the groundwater by increasing the OH À , and lowering the Mg 2+ concentrations. Therefore, it is most probable that water has entered the peridotite and flowed through the zones of serpentinization, and reacted with the peridotite before and was discharged from the ultra-basic springs. The geochemistry of the deep groundwater suggests that it has been in contact with the marine sediments of the FSC below The Cedars peridotite body. The fluid sampled from the GSP1 spring (the proxy fluid for the deep groundwater end member) had a relatively high conductivity, and Cl À and Br À concentrations (3000 lS/cm, 8.63 lM, and 1.08 Â 10 À2 lM, respectively) compared to the freshwater creek (314 lS/cm, 3.34 Â 10 À2 lM, and 5.45 Â 10 À4 lM, respectively). The chlorine most likely dissolved into the deep groundwater while it was in contact with the shales of the FSC marine sediments. Marine shales have high chlorine content and the majority of that chlorine is soluble (Billings and Williams, 1967 mixing of the two end members ( ) were mostly higher than those predicted. Transition Metal ion Ti concentrations showed losses and gains along the mixing line. The processes that affect the aqueous concentrations of these ions are unknown; however, determining whether microorganisms influence chemical transformations in the ultra-basic springs is an important next step in determining the chemical and biological processes affecting the ion concentrations at The Cedars.
Organic geochemistry
Low molecular weight alkane gases and dissolved VOCs were observed in the spring fluids. The molecular compositions and the 2-component mixing model were used to determine the likely origins of these organic compounds. For example, benzene, toluene, ethylbenzene, and xylene (BTEX compounds) were found in the highest concentrations in the GPS1 spring, the deep FSC groundwater proxy, and the concentrations of these aromatic compounds in the NS1 and BSC springs were well described by the two-component mixing model (r 2 = 1, Table 2 ). This suggests that the BTEX compounds originated in the deep FSC groundwater, and their concentrations in the NS1 and BSC springs could be explained by simple physical mixing of BTEX-containing deep FSC groundwater with BTEX-free shallow peridotite groundwater.
The most likely source of the BTEX compounds in The Cedars springs was thermal degradation of the kerogen in the FSC and not abiotic synthesis (e.g. FTT synthesis) in the peridotite body. BTEX compounds have not been detected in the products of FTT experiments (McCollom and Seewald, 2006; Fu et al., 2007; McCollom et al., 2010; Taran et al., 2007 Taran et al., , 2010a . Conversely, BTEX compounds are found in petroleum. Petroleum is generated during the thermal degradation of kerogen (i.e. insoluble organic matter). Kerogen has been observed in the FSC marine sediments (Larue, 1986 (Larue, , 1991 Underwood, 1987) . The FSC is known to have TOC contents up to 2%, and the thermal alteration of this organic matter provides a ready source for hydrocarbons (Larue, 1986 (Larue, , 1991 Underwood, 1987) . In The Cedars springs the methyl substituted aromatics (toluene and xylenes) were higher in concentration than the unsubstituted benzene ring, which is also characteristic of BTEX distributions in petroleum (Hunt, 1996) .
The dissolved concentrations of the higher molecular weight alkanes (such as heptane) were not well described by the 2-component mixing model (r 2 ranging from 0.23 to 0.38, Table 2 ). This poor correlation suggests that higher molecular weight alkanes concentrations changed due to chemical and/or biological processes occurring along the groundwater flow paths. The solubility of saturated n-alkanes like heptane is substantially lower than for alkyl aromatics (BTEX), such that they may be coming out of solution as the waters cool. The saturated n-alkanes are also much more susceptible to biodegradation, and therefore they are most likely being biodegraded.
At The Cedars straight and branched alkanes were detected as well as cyclic alkanes (Table 4) . Abiogenic straight and branched alkanes have been detected in products of FTT experiments; however, cyclic alkanes have not (McCollom and Seewald, 2006; Fu et al., 2007; McCollom et al., 2010; Taran et al., 2007 Taran et al., , 2010a . Methyl-and dimethyl-substituted cyclopentane and cyclohexane were detected in the spring water. These cycloalkanes are the most common cycloalkanes in petroleum (Lyons and Plisga, 2005) . Therefore the volatile alkanes dissolved in The Cedars' spring fluids may have an abiogenic component, but thermogenic alkanes are most likely contributing to the mixture.
The concentrations of exsolving C 2+ gases (i.e. C 2 , C 3 , iC 4 , and nC 4 ) in the NS1 and BSC springs were all well described by the two-component mixing model (r 2 P 0.95, Table 2 ) when CS1 gases are used to represent the gases in the deep FSC groundwater end member. No exsolved gases were sampled from the GPS1 spring. Although gases have been observed exsolving from GPS1, no gases were present during gas sampling periods. However, exsolving gases were sampled from the CS1 spring, located in the same canyon, just 30 m downstream and 4 m below GPS1. We presume that CS1 and GPS1 have similar groundwater sources, because of their close proximity to each other, similar elevation, and locations along the same streambed. If this presumption is valid then the exsolving gases from CS1 represent gases from the deeper FSC groundwater end member that also discharges from GPS1. Considering that the highest concentrations of C 2+ gases were observed exsolving from the CS1 spring and the concentrations of C 2+ were well described by the 2-component mixing model we propose that these alkanes were either thermogenic, originating from the FSC, and/or products of abiogenic synthesis in the deep groundwater end member. If there was an abiogenic component to these gases, then these reactions were only occurring in conjunction with the deep FSC groundwater and not the shallow peridotite-only groundwater. If abiogenic hydrocarbons were being formed in the shallow peridotite-only groundwater, then the C 2+ concentrations would not be well described by the 2-component mixing model, as these would be chemical reactions that occurred along the shallow groundwater flow path, analogous to the explanations as to why other parameters affected by serpentinization (e.g. OH À , Ca 2+ and Mg 2+ ) are not well described by the 2-component mixing model.
A comparison of the alkane gas distribution within each spring shows there is a lack of consistent trends typical of thermogenic and abiogenic gaseous alkanes (e.g. decreasing concentration with higher molecular weight homologues). At The Cedars, n-pentane and n-hexane had higher concentrations than ethane and propane in the BS7 spring, while hexane dominated the C 2+ gases in CS1 followed by ethane. Similarly, the ratio of ethane to propane in the lower springs ranges from 0.9 to 1.5 with a mean of 1.2 ± 0.3 which is different from thermogenic gases, which typically have ethane/propane ratios of greater than 1, as seen in 310 natural gas wells in the United States (Mines, 1979) . In some abiogenic FTT experiments C 2 and C 3 have similar concentrations (Fu et al., 2007; Taran et al., 2007 Taran et al., , 2010a . However FTT synthesis cannot explain the higher concentrations of n-pentane and n-hexane in some of the springs. The similarities and differences in the chemical composition of the gaseous and dissolved hydrocarbons suggest that there are two potential sources of gaseous alkanes, a thermogenic source from the FSC and an abiogenic source from reactions occurring in the deep groundwater. Post formation alternations such as segregative migration, may explain the concentration distributions of the gaseous alkanes.
Methane sources at The Cedars
The concentration of methane was not well described by the 2-component mixing modeling. The measured methane concentrations at NS1 and the BSC springs are greater than those predicted by simple mixing of the two end members ( Table 2 ), suggesting that there are chemical or biological processes producing methane along the groundwater flow path. Based on the geological setting, organic content, and the availability of H 2 from serpentinization, The Cedars' CH 4 could be abiogenic, microbial, thermogenic, or a mixture of two or more of these sources. We used a Bernard Plot (Fig. 6 ), a graph of CH 4 /C 2+ ratio versus d 13 C of the CH 4 (Hunt, 1996) , as a starting point for differentiating the source(s) of CH 4 . Methane with a microbial source is generally depleted in 13 C and has a higher CH 4 /C 2+ ratio (>1000) compared to thermogenic gases (<100) (Hunt, 1996) . Recent experiments unequivocally established that methane and higher molecular weight hydrocarbons can be formed abiogenically (McCollom and Seewald, 2006; Fu et al., 2007; Taran et al., 2007; McCollom et al., 2010; Taran et al., 2010a) . While an abiogenic field is not typically plotted on a Bernard Plot, these experimental data suggests that the CH 4 /C 2+ ratio for abiogenic gas can be around 45 or less.
The Cedars' CH 4 /C 2+ ratio and d 13 C of the methane of NS1 plot in the microbial field, while data from the BSC springs and CS1 plot between the fields trending away from the microbial field, with CS1 being closest to the thermogenic/abiogenic CH 4 /C 2+ values (Fig. 6) . Methane in the NS1 spring, therefore, is potentially dominated by microbial methane, whereas the methane in BSC and CS1 is potentially a mixture of microbial and non-microbial methane. It is unlikely that the isotopically depleted methane detected in NS1 (d 13 C CH4 = À68.0&) is solely from an abiogenic reaction where IC is reduced to CH 4 . The apparent fractionation (D 13 C = d 13 C CH4 -d 13 C IC ) is À53.5&, if the d 13 C IC from the creek (d 13 C IC = À14.5&) is applied to the calculation. The largest apparent fractionation between inorganic carbon and methane determined experimentally to date was À36& (McCollom and Seewald, 2006) .
A heterotrophic methanogenic pathway such as acetotrophic methanogenesis could have produced the d 13 C CH4 values observed in NS1. Organic acids, formate and acetate have been observed in the fluids of the marine serpentinizing system of Lost City hydrothermal field (Lang et al., 2010) , and therefore it is plausible that organic acids may also be present and acting as the carbon substrate for methanogenesis. An autotrophic methanogenic pathway is less likely because the system is limited in inorganic carbon, and the dissolved inorganic carbon present is in the divalent state (CO 3 2À ), which would require unknown biological transport mechanisms. Additionally, if the inorganic carbon in the ultra-basic groundwater was mostly converted C of methane from The Cedars' springs compared to conventional fields for microbial and thermogenic gases (adapted from Hunt, 1996) . Data points that plot between the two fields suggest a mixing of multiple sources of methane or secondary process are occurring that affect the gaseous hydrocarbons of the lower springs. The datum point for BSC is the average CH 4 /C 2+ and d 13 C of the methane sampled from BS1, BS5, and BS7. The standard deviations of the mean CH 4 /C 2+ and d 13 C values from the BSC springs are smaller than the plotted point. There are no data for the GPS site, because there were no gases exsolving from that spring at the time of gas sampling. to methane, then the d 13 C CH4 would have an isotopic signature more similar to that of the original inorganic carbon through quantitative conversion, and the methane would be more enriched in 13 C than the methane measured in any of the ultra-basic springs at The Cedars. The geochemical evidence suggests that a microbial methanogenic pathway may be contributing to the methane in the ultra-basic reducing springs, with the greatest contribution occurring in the NS1 spring. In addition to our geochemical evidence for microbial methane, methanogens (Euryarchaeota) have been detected in all three springs based on DNA sequencing (Ishii et al., 2010) . A secondary process affecting the d 13 C of the CH 4 and the CH 4 /C 2+ ratio of the gases in the BSC and CS1 springs, such as methane oxidation and/or mixing of microbial CH 4 with either thermogenic gases from the FSC and/or abiogenic gases produced in the peridotite is likely.
4.4. Possible microbial life in the ultra-basic springs (cell counts, and nutrients) Previously, it has been shown that microbial life exists at other locations of serpentinization. A cell density of 2.4 Â 10 4 cells/ml was determined at the Jordan Maqarin M6 site (Pedersen et al., 2004) . Cells associated with the carbonate have also been counted -cell densities of 10 7 -10 9 cells/gram of wet weight were found in the carbonates in contact with active venting at Lost City Vent Field (Prosser and Scrimgeour, 1995; Kelley et al., 2005) . These results suggest that microbial life is not unexpected at sites of serpentinization, even for those with putative abiogenic hydrocarbons (e.g. Lost City Vent Field).
The cell densities are very low in the discharging waters of the ultra-basic springs at The Cedars. The microbial community is not detectable in 100 ml of filtered water in the ultra-basic groundwater end member, GSP1. However, cells were detected in the NS1 and BSC springs at densities of 10 2 and 10 4 cells/ml, respectively. The glass slides that were incubated for 2-3 weeks in the ultra-basic spring water had cell counts of 10 6 -10 7 cells/cm 2 attached to their surfaces. However, the higher concentrations of cells found on the slides incubated at both BS5 and GPS1 suggest that while there are low or even undetectable concentrations of suspended cells in 100 ml of ultra-basic waters from these springs, microbial life does exist in the subsurface. With additional filtering, we will be focusing on the possible taxonomic and physiological differences between suspended and attached bacterial populations in future work.
Metagenomic analysis at two other sites of serpentinization, Lost City Vent Field (marine) and the Tablelands (continental), have found H 2 -utilizing and producing microorganisms (Brazelton et al., 2012) . These microorganisms most probably use the H 2 product of serpentinization. One possible explanation why the H 2 gas was not in chemical equilibrium with the spring water at BS5 could be the presence of H 2 -utilizing microorganisms in this spring where the pool of ultra-basic water is exposed to the atmosphere.
The ultra-basic springs of The Cedars are low in essential elements for growth such as P, N and S (Table 1 ).
The N-sources, nitrate or ammonium, as well as phosphate are below detection level. The Cedars springs contain lM and sub-lM concentrations of sulfate suggesting that the springs may be N or P-limited rather than sulfur-limited. While there is substantial N 2 present in the springs, nitrogen fixation is apparently not occurring at a great enough rate for ammonium and nitrate to accumulate, or nitrification/denitrification are occurring at an equal rate to nitrogen fixation so that there is no net change in the system. In contrast, The Cabeco de Vide and the Maqarin springs have measurable concentrations of nitrate (Table 1) , and considerable sulfate concentrations but undetectable phosphate suggesting that these sites may be phosphate limited, while The Cedars may be limited by both P and N.
While there is a great deal of electron donor available (H 2 ), the anaerobic groundwater discharging at The Cedars springs may be electron acceptor limited in the subsurface. Given the low E h , it is not surprising that dissolved oxygen is below detection level. Also the potential alternative electron acceptor nitrate is below the detection limits (<1-2 lM) and, as far as it has been recorded, is also low compared to other sites of continental serpentinization (Table 1). Additionally, the ultra-basic springs may also be limited by inorganic carbon; because, at the given pH, carbonate occurs nearly entirely in the divalent state which would require unknown transport mechanisms. For example, alkaliphilic autotrophic bacteria have been shown to become CO 2 limited at pH-values above 10.5 (Sorokin and Kuenen, 2005) .
With the exception of the GPS1 spring, H 2 S was not detected in any of The Cedars spring waters that were analyzed. Trace levels of H 2 S in GPS1 spring suggest biological sulfate reduction is minimal in this spring owing to limited sulfate abundance. However, the sulfide that would have been formed from sulfate reduction in the anaerobic water during transport may have precipitated as FeS in the iron-rich peridotite. The solubility product of FeS at 25°C is 8 Â 10 À19 . At the measured sulfur concentration of 2.8 Â 10 À5 M, the highest dissolved concentration of Fe 2+ required or precipitate FeS is 2.9 Â 10 À14 M (6 orders of magnitude lower than the ICPMS detection limits) and therefore would require very little Fe.
CONCLUSIONS
The preliminary conclusion is that mixing of two types of groundwaters (shallow peridotite-only and deep FSC) is occurring in the subsurface of The Cedars. Concentrations of alkane gases, aromatics, and ions that form strong acids and bases are all well described by the physical mixing of these two groundwaters. Ca 2+ , ions of weak acids and bases, nutrients, and methane are not well described by the 2-component mixing model, indicating that their concentrations cannot be solely explained by the mixing of the two groundwaters and that other chemical and/or biological reactions are occurring along the flow paths either consuming or producing these components of the system. The most likely explanation for the variation in the composition of the methane is mixing of gases with different histories including microbial and non-microbial sources. It can also be concluded that the ultra-basic and highly reducing springs are habitable for microorganisms and that a thorough analysis of the microbial community in the subsurface may help to build a further picture of the biogeochemical processes in the peridotite of The Cedars.
